Study design Prospective cross-sectional cohort study.
Introduction
Client-owned pet dogs commonly experience spontaneous spinal cord injury (SCI) caused by acute intervertebral disc herniation (IVDH), with 20,000-30,000 new cases managed by veterinary spinal surgeons in the United States alone each year [1] . Certain chondrodystrophoid breeds of dog, such as the dachshund, Pekingese, and others have a genetic predisposition to degeneration of the intervertebral disc. An expressed fibroblast growth factor (FGF)-4 retrogene has been associated with chondrodyplasia and intervertebral disc degeneration in these dog breeds [2] . Intervertebral disc degeneration in turn predisposes the disc to herniate into the vertebral canal, subsequently producing a mixed contusive/ compressive injury to the respective spinal cord segments [3] . Severity of neurologic injury by this mechanism spans a range of clinical signs from pain and mild weakness up to sensorimotor-complete SCI. Patterns of sensory and locomotor recovery are predictable and well-documented for different injury severities [4, 5] . IVDH-associated SCI can occur in either the cervical or thoracolumbar spinal cord, but thoracolumbar SCI is the most common presentation, providing a plentiful and convenient clinical model of SCI for study.
Behavioral assessments commonly used in the veterinary clinical setting to evaluate dogs with IVDH-associated SCI include several ordinal locomotor scales validated for use in dogs, the assessment of proprioceptive responses and spinal reflexes, subjective evaluation of the animal's behavioral response to a noxious stimulus (used as a surrogate assessment of normal, diminished, or absent nociceptive processing), and a variety of quantitative sensory testing methods [6] [7] [8] [9] [10] [11] . For spinal cord lesions affecting the thoracic or lumbar segments, lesion level can be determined based on the presence or absence of segmental spinal reflexes in the pelvic limbs (spinal shock is extremely shortlived in dogs) and whether a "cutoff" of the cutaneous trunci reflex exists. For dogs with moderate and severe thoracolumbar SCI, the cutaneous trunci reflex is typically absent beginning approximately two vertebral segments caudal to the lesion [12] . Following clinical examination, dogs often undergo advanced imaging such as computed tomography or magnetic resonance imaging for additional lesion definition as well as for purposes of surgical planning.
Dogs with clinical SCI represent a large animal model that offers unique benefits for SCI research. This includes heterogeneity of both injury and genetic backgrounds and histopathologic similarities to those lesions observed in people, altogether providing the ability to conduct veterinary clinical trials in a setting that closely mirrors intention to treat/interventional trials in people [13] [14] [15] [16] [17] . While a large cohort of SCI-affected dogs are managed across tertiary care veterinary hospitals each year, a much smaller number are cared for at any single given facility. Thus, the establishment of an international observational veterinary patient registry constitutes a key step in performing epidemiologic studies and assessing the impact of therapeutic strategies to facilitate translational research. A harmonized approach to data collection across researchers using the canine clinical model is much needed, and can serve to streamline information while maximizing comparisons across studies and tertiary care facilities caring for dogs with SCI. Further, accumulating information on clinical SCI in dogs may contribute to current "big data" approaches to enhance understanding of SCI using heterogeneous multi-institutional, multi-species datasets from both pre-clinical and human clinical SCI [18, 19] . It may contribute to datasharing approaches, which have been endorsed by groups such as the Office of Data Science at the NIH [20] . Here, we provide rationale and framework for the Canine Spinal Cord Injury (CSCI) observational registry and share our experience in the establishment of what, to our knowledge, is the first international registry for canine patients with SCI. We also present preliminary data related to demographics, descriptive statistics, and future directions for advancing translational research in SCI using information accumulated from the CSCI observational registry.
Methods

Summary of the establishment of CANSORT-SCI
The Canine Spinal Cord Injury Consortium (CANSORT-SCI) was established as a research consortium in November 2015, at a meeting organized by Texas A&M University and supported by the Mission Connect Foundation [16] . The CANSORT-SCI network is a collaboration of veterinary neurologists and neurosurgeons with training in neuroscience, veterinary pathologists, and basic neuroscience researchers motivated to conduct leading edge clinical research in the field of SCI using the spontaneous canine model. The network currently encompasses seven veterinary institutions in the United States and Europe. One of the primary goals identified by the group at its initial meeting was the establishment of a canine SCI "patient" registry and data repository to serve as a collaborative collection of comprehensive clinical data by which to facilitate future clinical trials and epidemiologic studies.
Selection of common data elements
The establishment of the CSCI registry was prioritized as an early project by the group, with the purpose of including relevant demographic, clinical, and biochemical data for dogs with natural SCI. The intention was to develop an observational, longitudinal veterinary patient registry, which was readily available to all CANSORT-SCI network members for prospective collection of standardized case information. To allow for inclusion of uniform data, standardized electronic case report forms were developed by the CANSORT-SCI network after review of common data elements (CDEs) proposed for collection in both experimental animal models and human SCI [21] [22] [23] . Because the canine model of SCI represents a hybrid animal model that is spontaneous and managed in a veterinary clinical setting, a combination of elements from both the experimental and clinical CDEs were selected by expert opinion to be both relevant and applicable to this unique model. Specific data related to medical history, physical, and neurological examination at the time of diagnosis, demographics, results of biochemical and imaging diagnostics, treatment modalities (including surgery and drug administration) were entered into an online form. Additionally, information about the availability and type of samples banked for each animal, including blood, cerebrospinal fluid, and tissue for histopathology if applicable were are also entered (Supplemental material -data collection form)
Eligibility criteria
All dogs that are presented to a CANSORT-SCI member institution with an acute SCI are enrolled regardless of ultimate cause identified. This approach is intentionally broad to allow the enrollment of not only cases with the most common cause of acute SCI in dogs, IVDH-associated SCI, but also to encourage data collection for less common causes of SCI in dogs that may also have translational relevance such as fibrocartilaginous embolic myelopathy/ ischemic myelopathy, and extrinsic spinal trauma such as motor vehicle accidents and falls (fracture/luxation).
Clinical evaluation of dogs with spinal cord injury
Veterinarians and researchers in canine clinical SCI rely heavily on categorical and ordinal grading schemes to describe severity of injury and recovery of dogs with thoracolumbar SCI. An assortment of scoring systems are used in canine SCI literature, including the modified Frankel scale [6] , Tarlov scale [24] , Texas Spinal Cord Injury Scale (TSCIS) [8] , the Open Field Score [7] , and the modified canine Basso-Beattie-Bresnahan locomotor rating scale (canine BBB) [9] . A future goal of CANSORT-SCI is to evaluate the comparative utility of these scoring systems and to develop a unified approach to locomotor and sensory assessment across testing centers; therefore data were collected for each dog with respect to multiple clinical grading scales using previously published methods and definitions.
However, in the most basic clinical categorization, dogs are pronounced ambulatory vs. non-ambulatory, where ambulatory indicates that the animal can bear weight consistently in both pelvic limbs without additional external support for 10 consecutive steps [16] ; as having the presence or absence of motor function (is any voluntary movement noted at all in the affected limbs?); and as having the presence or absence of a behavioral response to a nociceptive stimulus such as clamping the digit with a hemostat or other instrument. For the purposes of initial data reporting related to the CSCI, dogs were categorized using a modification of the Frankel scale that is commonly employed by veterinarians in the clinical setting and encompasses these basic categorical factors. The scale ranges from 0 to 6 with a grade of zero representing a sensorimotor-complete lesion and a grade of 6 representing a neurologically normal dog ( Table 1) .
Ethical considerations
The CSCI observational registry complies with all applicable local regulations relating to ethical treatment of animals in research and veterinary patients in clinical studies. No individual patient identifiers are included on the data collection forms. The patient's location of enrollment and electronic medical record number are entered in to the database at the time an initial record is generated and immediately linked to a unique CSCI registry number, which is then associated with that patient's data record. In all participating countries, informed consent is not mandatory for prospective data collection from veterinary patients, assuming data collected is passive/observational only and A major concern regarding feasibility of the project was time required per case for data entry. Therefore, a time stamp was added to the beginning and end of the survey form so that resource personnel could indicate the total amount of time required to enter data for each individual animal.
Data storage and safety
Electronic data collection forms were generated and study data were collected and managed using REDCap electronic data capture tools (www.project-redcap.org) hosted at The Ohio State University [25] . REDCap (Research Electronic Data Capture) is a secure, data capture tool, which is designed to provide an intuitive, web-based interface to support data capture for research studies. Important features include the ability to track data export and manipulation; automated export procedures that allow data download for commonly used statistical packages; and the ability to import data from external sources. REDCap provides several active protective features to prevent unsolicited use of the application including user/role validation. An audit trail module allows tracking of all accesses, modifications, and deletions of the data. Data collection began in the form of beta testing at a single CANSORT-SCI institution from June through August 2016, during which time all dogs presenting only with IVDH-associated SCI were entered in to the registry using the pre-developed data collection instrument. During this time, data was entered by a single user who had not been involved in development of the data collection instrument (N.Z.). This user made detailed observations related to clarity of the instrument, ease of data entry, time involved in data entry for each patient, and noted any opportunities for improvement of the process or the instrument itself. During this beta testing phase, small improvements were made in descriptors related to injury severity, additional questions were added to the instrument focusing on diagnostic certainty, and criteria were expanded to include causes of SCI beyond IVDH. The project was moved from testing to production phase in Fall 2016, at which time staged on-boarding of other CANSORT-SCI member institutions began.
Results
Data entry
Over the following 12-month period, 181 cases were entered from a total of five institutions. Because of staged on-boarding of data entry institutions and individual limitations with respect to resource personnel, the remaining 2 CANSORT-SCI institutions anticipate commencing data entry within the next year. Median time recorded for data entry of an individual case record was 6 min (range 2 min to 3 h and 47 min; mode 5 min). Ninety percent of cases required 15 min or less of total data entry time.
Demographic data
Median age for cases entered in the database was 6 years (range 1-13 years) and 90% of cases weighed ≤20 kg (range 3-50 kg) at the time of hospital admission. Spayed female and castrated male dogs were similarly represented ( Fig. 1) . Breeds for which five or more cases were represented included dachshund (n = 62), French bulldog (n = 21), mixed breed dog (n = 16), beagle (n = 10), Cocker spaniel (n = 6), and shih tzu (n = 5). The majority of dogs entered in to the database were considered by their attending clinician to be systemically healthy at the time of presentation apart from their SCI, with 84% listed as having no other significant health issues; however, 34% percent of dogs were listed as having a body condition score (BCS) of ≥4 (scale range 1-5), suggesting they were either overweight or obese. Obesity was the most common clinician-reported comorbidity, affecting 7% of SCI-affected dogs currently included in the database, followed by orthopedic disease (unspecified; 4%), and either presumptive or confirmed mitral valve endocardiosis (3%).
Etiology, duration, and severity of injury
The neurological level, and severity of injury for all cases entered in the database are summarized in Fig. 2 . Acute intervertebral disc extrusion was the cause of SCI in all but three cases entered in to the database to date. These cases consisted of two acute non-compressive nucleus pulposus extrusions and one traumatic thoracolumbar fracturesubluxation. The most common neurological level of injury was between the third thoracic and third lumbar spinal cord segments, affecting 87% of dogs. For reference, dogs have 13 thoracic and 7 lumbar vertebrae and the termination of the spinal cord is usually at the L6-7 vertebral level. The most common injury severity on presentation was "non-ambulatory paraparesis" (motor function present in both hind limbs, but inability of the dog to walk unassisted for 10 or more consecutive steps). Sixteen percent of dogs were presented with sensorimotor-complete injuries.
Duration of injury, defined as when the owner first noted signs of neurologic dysfunction, prior to presentation at a CANSORT-SCI (secondary/specialty care) facility was known or could be reliably approximated in 94% of cases and ranged from 1 h to 120 days (median 24 h) ( Fig. 3) . Fifteen percent of the total caseload was presented within 8 h of injury, 52% of the total caseload was presented within 24 h of injury, and 82% of the total caseload was presented within 72 h of injury.
Treatments administered
The electronic data form asks for information regarding corticosteroid, non-steroidal anti-inflammatory, and neuroprotective treatments administered both in a period of 7 days and 1 day prior to admission. The most common response at both time points was that the patient had received none of the above. Forty-nine percent and 41% of cases were naive to anti-inflammatory or neuroprotective treatments within a period of 7 days or 24 h prior to hospital admission, respectively. No dog received methylprednisolone sodium succinate (MPSS) prior to admission. Nineteen percent of dogs had received other (non-MPSS) corticosteroids at variable doses within 7 days prior to admission, 30% had received a non-steroidal anti-inflammatory medication, and 2% had received acetylsalicylic acid.
Discussion
The aim of this report was to describe the process of developing a novel international veterinary patient registry for neurologic disease, specifically SCI. The goals for creation of this registry are twofold: first to contribute to multi-species datasets that can lead to new discoveries and treatments of disease, and second to develop a large set of epidemiologic data specific to the dog, from which to draw conclusions and develop hypotheses for translational studies using the canine clinical model of SCI. While still early in the process of data collection, preliminary analysis of accumulated cases identifies several important demographic factors that may inform future translational studies using the canine clinical model of SCI.
The overall demographic data for dogs currently registered in the database parallels what has been previously reported in the literature with respect to IVDHassociated SCI, with young to middle-aged dachshunds and other chondrodystrophic breeds being overly represented [16] . Lesion localization in the present study is also in keeping with what is expected based on the veterinary literature, where injuries in the T3-L3 region of the spine are by far the most common [4, 5] . Assessment of comorbidities in dogs with SCI is of interest, with respect to how these may parallel the human SCI population where pre-existing problems such as obesity, cardiac disease, and other general health problems may influence response to particular therapies and recovery after injury [26, 27] . Obesity was the most common comorbidity documented in the current study, with 34% of cases being either overweight or obese based on a common measure of obesity in dogs called the BCS. BCS is used in dogs similarly to body mass index in people, since conformational differences between breeds may influence what is an appropriate body weight for any given dog. The scale used in our database ranges from 1 to 5 with a score of 1 being emaciated, 3 being ideal body weight for the patient's confirmation, and 4 and 5 representing the patient being overweight to obese, or grossly obese, respectively [28] . The prevalence of obesity in this cohort Fig. 2 Neuroanatomic location (a) and severity of injury (b) for dogs with clinical SCI entered into the CSCI patient registry between June 2016 and January 2018. Between T3-L3 (anatomical equivalent of a midthoracic supra-sacral injury in a person) was the most common site of injury. Sixteen percent of dogs had sensorimotor-complete injuries at the time of presentation Fig. 3 Duration of injury, defined as when the owner first noted signs of neurologic dysfunction prior to presentation, for dogs with clinical SCI entered into the CSCI patient registry between June 2016 and January 2018. Duration of injury ranged from 1 h to 120 days (median 24 h) and 15% of cases were presented within 8 h of injury. For ease in graphical representation dogs with injury duration >240 h are not depicted (n = 12) of SCI-affected dogs is similar to that observed in the general canine population, where between 22 and 40% of dogs are reported to be obese, and also mirrors that seen in the general human population [29, 30] (https://www.cdc. gov/obesity/data/adult.html). Like in people, obesity in dogs results in increased circulating levels of proinflammatory cytokines, various other metabolic and hormonal impairments, and gut dysbiosis that could influence recovery after SCI [31] [32] [33] [34] [35] . The natural occurrence of these factors in the clinical dog population may make this model an ideal one for further exploring the detrimental effects of obesity on recovery and ways to improve outcome in this segment of the SCI population.
The prevalence of cardiac disease was low in the present study, effecting only 3% of dogs with SCI. When present, cardiac disease was attributed to either confirmed or presumptive mitral valve endocardiosis, a degenerative condition typified by myxomatous nodular changes to the mitral valve [36] . This condition is most commonly observed in small breed dogs and in severe cases can lead to profound mitral regurgitation, increasing chronic volume load to the left side of the heart, and in some cases congestive heart failure [37] . While prevalence of the number of dogs with heart disease in the current study is too low to assess relationships, future studies of continually accrued data may evaluate the association between cardiac status and outcome in dogs with SCI.
The most common cause of SCI in dogs in the current study was IVDH-associated SCI, which accounted for all but three of the cases entered in the CSCI. This is reflective, in part, of the fact that IVDH-associated SCI is noted to be the most common cause of SCI in dogs [38, 39] . The prevalence of other causes of SCI such as ischemic myelopathy and extrinsic trauma causing vertebral fracture/luxation is likely falsely low in the reported cohort of dogs because initial efforts related to the database focused only on accrual of IVDH cases. Data collection was only recently expanded to include ischemic myelopathy and vertebral fracture/ luxation, thus prevalence and other data related to these types of injuries will evolve over time as additional cases are accrued.
An interesting preliminary point based on information from the registry is the timing of presentation of dogs with SCI to a secondary care facility. This information will be useful for the planning of future studies using dogs with clinical SCI and suggests that a proportion of dogs (15%) are presented within the peracute (<8 h) window that may be required for studies targeting acute neuroprotection. One caveat to this finding is that two institutions entering cases into the database during the study period were conducting veterinary clinical trials in SCI, which may have encouraged early referral of cases to their facility and influencing the number of cases presenting acutely and with more severe injuries; however, the apparent prevalence of sensorimotor-complete injuries in the current study is similar to what has been reported in other studies [39] . Accrual of additional cases from multiple institutions will be necessary to fully evaluate the proportion of dogs with acute, subacute, and chronic timing of presentation that may be available for clinical trials; however, preliminary data suggests that efficient acute neuroprotective studies should be feasible when a multi-institutional approach is used. Additionally, approximately half of cases were treatmentnaive with respect to neuroprotective treatments at the time of admission. This information can facilitate sample size determinations and their feasibility for future clinical studies of both neuroprotective strategies and other treatment interventions.
Initially, the CSCI registry collected information only about the initial presentation of a particular dog. Since that time, the development of follow-up forms has been a priority and a survey instrument to collect information about each dog during subsequent hospital visits has been drafted and will move into the beta testing phase shortly. An additional future direction for the registry is the generation of forms which might collect owner-derived quality of life information about dogs living chronically with SCI, and which could sporadically solicit electronically entered information directly from owners to track development of new comorbidities in dogs long term after injury.
One important goal of the registry is the inclusion of a "virtual tissue bank" function, where patient demographic, injury, and ultimately outcome information could be linked to biological samples, which could be made available for study by both member and non-member investigators. Most CANSORT member institutions currently have established biobanks for maintaining samples from dogs with SCIsome institutionally supported and some residing within individual laboratories. The survey instrument used for the registry asks the data entry person to indicate whether whole blood, serum, urine, or tissue are available from each individual case allowing the group to identify and track samples across multiple institutions. Inputted data is searchable such that investigators can request a list of cases for which a particular sample type is available, along with information regarding where those samples are stored. This approach will facilitate histopathological and molecular studies upon canine SCI, with the ultimate goal to increase the knowledge about morphologic and molecular alterations in naturally traumatized canine spinal cords and reveal commonalities and differences to the pathogenesis of SCI in humans. Inclusion of such a "virtual tissue bank" function into the clinical database will (1) facilitate multiinstitutional sharing of tissue available to increase the number of cases available for such basic pathological and molecular research and (2) provide the unique opportunity to correlate and link histopathological and molecular data to detailed clinical parameters entered in the database. While too few biological samples of any type are currently available for study, this represents an important future direction for the registry and this multi-institutional approach to tissue sharing should facilitate the accumulation of sufficient samples of all types for future study.
The current study demonstrates that prospective multiinstitutional data collection for dogs with clinical SCI is feasible and has the potential to provide valuable information to generate hypotheses and provide prevalence data important for planning future veterinary clinical trials, which can serve as a tool to enhance translational therapeutic development. It has become evident that only relying on findings from experimental rodent studies is insufficient for translating therapies to humans [40] [41] [42] . Furthermore, the impact of incorporating spontaneous animal models of disease is well-accepted in the field of cancer drug development, and rigorous multicenter veterinary clinical studies in canine spontaneous SCI have become of recent interest as a way to screen promising treatment interventions in a time-and cost-efficient manner [16, 43] . Specifically, information gathered via the registry is useful for assessing the time between onset of injury and presentation to a veterinary SCI center, which is helpful in the planning of acute neuroprotective studies, and in assessing common comorbidities in dogs with SCI, which can aid in further development of the canine clinical model of SCI. Time required for data entry into the CSCI was minimal, with most cases requiring 6 min or less of data entry time. As data continue to accumulate within the registry, epidemiologic studies of this unique population of dogs with clinical SCI will become possible in order to further inform clinical studies of canine SCI. Additionally, large scale collection of data from dogs with clinical SCI may be useful for comparisons across other models and human SCI by contributing to the evolving data-sharing community, which is emerging within the field of SCI research [18, 19, 44] . 1 
